pg/dl are associated with a reduction in IQ scores (4) . The result of the present a lead effects has been to adopt m reduce human exposure to lead risks to related health effects. Ii 1991, the U.S. Departments of Human Services and Housing Development and the U.S. En' Protection Agency (EPA) publi gy documents outlining measur lead exposure (9) (10) (11) (13) .
Research achievements that contribute to prevention of disease are not as dramatic en 1 and 3 as the discovery or implementation of cures I on a large for existent disease but are certainly no less prospective important. Research regarding the health milar to the effects of lead may make a small contribuCenters for tion that helps millions of people, but is iational and probably unknown to them. While these ults of epi-beneficial effects may not be apparent to not provide the individuals who are spared the problems ,gested that, of toxicity, the implementation of measures ) pg/dl, the to reduce exposure to lead are clearly visible and lack of when examined on a population basis. ychological Figure 1 compares blood lead levels in ty to detect children [1] [2] [3] [4] [5] Less-than-ideal nutrition contributes to adverse consequences of lead exposure, particularly diets that are deficient in the essential minerals calcium, iron, and zinc, (16) .
Studies with experimental animals fed diets low in calcium have established that calcium deficiency increases both tissue retention and toxicity of lead (17) . Iron deficiency also increases tissue deposition and toxicty to lead (18) . A high prevalance of iron deficiency occurs in infants and children because of the need to expand the body's iron pool during growth; it has been observed that the children with the highest environmental exposures to lead are also at the greatest risk to iron deficiency (19) . The most significant health impact of iron deficiency is in young children who develop defects in attention span that lead to learning deficits (20) . A longitudinal prospective study in Yugoslavia showed that both lead exposure and iron deficiency produce effects on neurobehavior and the hemopoietic system among pregnant women, infants, and children (21) . Lead and zinc interactions are not as well defined as those between lead and calcium and between lead and iron. Experimental studies have shown that lead increases zinc excretion (22) and that zinc deficiency enhances lead absorption (23) . There is also a close inverse relationship between blood lead levels and zinc-containing heme enzymes (24 Barltrop (34) . vary in relation to study design and degree of control for confounding factors.
Exposure of Fetal Brain to Lead
Experimental studies have shown that the fetal blood-brain barrier is immature and uptake of lead by fetal rat brain during gestation is greater than after birth. There is a sixfold increase in total brain lead prenatally compared to a 3.5-fold increase during weaning and a twofold increase post-weaning with the same level of exposure (32) . As animals mature, less lead enters the brain. Other experimental studies suggest that the immature endothelial cells forming the capillaries of the developing brain are less resistant to the effects of lead than capilaries from mature brains; these immature endothelial cells permit fluid and cations induding lead to reach newly formed components of the brain, particularly astrocytes and neurons (33) .
There are few studies of uptake of lead by the human brain during development. The largest number of lead measurements in fetal brain have been reported by Barltrop (34) in 21 human fetuses with maturities of 14-40 weeks, (Fig. 3) . There was a direct relationship between brain weight and brain lead content, but there was no change in lead concentration. There was also a parallel increase in calcium; it has been suggested that movement of lead into the fetal brain, as well as other tissues, follows the movement of calcium. Studies in guinea pigs have shown that transfer of lead from mother to fetus is linearly related to umbilical cord blood flow rate (35) .
Mechanisms for Neurological Effects of Lead
Clinical and experimental studies have provided insights regarding the mechanisms whereby lead produces neurological effects on the developing brain as studied postnatally (36) . Mechanisms for neurological effects as studied postnatally are likely to be a continuum of prenatal effects; however, it is not known whether there are unique prenatal neurological effects.
Effects of lead on the developing brain are both morphological and pharmacological. (42) . Lead may also replace calcium in calmodulin-dependent reactions, inhibit membrane-bound Na+, K@-ATPase, and interfere with mitochondrial release of calcium with impairment of energy metabolism (43) . These effects are potentially reversible if lead can be removed from active sites. Although removal from lead exposure and chelation therapy lower blood lead levels, there is little or no information regarding effects from removal of lead from these sensitive molecular sites (44) .
In spite of the demonstrated morphological and pharmacological effects of lead in the maturing brain, it is difficult to demonstrate a functional or clinical effect in the child under 2 years of age because of the immaturity of the brain and limited number of functions that can be tested at that age. There is no consistent lead neuropsychological syndrome or behavioral signature that can be -identified clinically (45) . In some studies, lead is most closely Volume 104, Number 10, October 1996 * Environmental Health Perspectives Reviews -Prenatal exposure and neurological consequences related to loss in verbal skills; in others, it is nonverbal skills. Studies of cohorts of children with postnatal exposure to lead determined that the perceptual-motor subsets of the McCarthy Scales of Children's Abilities were particularly sensitive to lead exposure (46) . Lead related losses in visual motor integration, poorer performance on tasks of serial learning, and increased errors in tasks requiring perseverance in experimatal animal models are generally consistent with clinical findings and are thought to pinpoint the hippocampus as the primary target for neurobehavioral effects (47) (48) (49) (50) . Also, the hippocampus is known to accumulate lead in humans (51) and rat pups exposed to lead (52) . However, Lilienthal et al. (53) found that the behavioral profile in rats with chemically induced lesions of the hippocampus differed from patterns obtained in rats with prenatal exposure to lead and that chemical lesions of the amygdala show a greater similarity with leadinduced effects, suggesting that the hippocampus is not the sole target for lead toxicity.
Summary
Advances in the understanding of the toxic effects of lead is an outstanding example of how knowledge learned from research can impact public health. Reduction of lead in gasoline, elimination of lead solder from canned food, removal of lead from paint, and abatement of housing containing leadbased paint are important contributions to reduction of lead exposure. Factors that enhance risk to lead exposure, particularly during fetal life, are low socioeconomic status, old housing with lead-containing paint, and less than ideal nutrition, particularly low dietary intake of calcium, iron, and zinc. Prenatal exposure may result from endogenous sources such as lead in the maternal skeletal system or maternal exposures from diet and the environment.
The developing nervous system is particularly sensitive to the toxic effects of lead, and experimental studies have shown that a large number of the effects in the nervous system are due to interference by lead with biochemical functions dependent on calcium ions and impairment of neuronal connections dependent on dendritic pruning.
In spite of past efforts, there are many important avenues for further research, particularly with regard to prenatal exposures and neurological effects. Ongoing studies using stable-isotope techniques should provide new information regarding maternal-fetal transfer of lead. There is need for a better understanding of the mechanisms for the toxic effect of lead on the nervous system and also to determine whether effects from postnatal exposure are a continuum of prenatal lead exposure or whether prenatal exposure to lead produces unique effects.
